Synthetic libraries are a major source of human-like antibody (Ab) drug leads. To assess the similarity between natural Abs and the products of these libraries, we compared large sets of natural and synthetic Abs using "CDRs Analyzer," a tool we introduce for structural analysis of Ab-antigen (Ag) interactions. Natural Abs, we found, recognize their Ags by combining multiple complementarity-determining regions (CDRs) to create an integrated interface. Synthetic Abs, however, rely dominantly, sometimes even exclusively on CDRH3. The increased contribution of CDRH3 to Ag binding in synthetic Abs comes with a substantial decrease in the involvement of CDRH2 and CDRH1. Furthermore, in natural Abs CDRs specialize in specific types of non-covalent interactions with the Ag. CDRH1 accounts for a significant portion of the cation-pi interactions; CDRH2 is the major source of salt-bridges and CDRH3 accounts for most hydrogen bonds. In synthetic Abs this specialization is lost, and CDRH3 becomes the main sources of all types of contacts. The reliance of synthetic Abs on CDRH3 reduces the complexity of their interaction with the Ag: More Ag residues contact only one CDR and fewer contact 3 CDRs or more. We suggest that the focus of engineering attempts on CDRH3 results in libraries enriched with variants that are not naturallike. This may affect not only Ag binding, but also Ab expression, stability and selectivity. Our findings can help guide library design, creating libraries that can bind more epitopes and Abs that better mimic the natural antigenic interactions.
Introduction
Forty years after the introduction of the hybridoma technology in 1975 1 and 30 y after the first therapeutic monoclonal antibody (mAb), muromonab-CD3, was approved by the US Food and Drug Administration, 2 over 30 Ab-based drugs are marketed and hundreds more are in clinical trials. 3 Attempts to engineer Abs are inspired by the power of in vivo Ab generation by B cells, which is based on gene rearrangement that could potentially produce 10 11 different Abs. 4 Somatic hypermutations (SHMs) on selected sequences increases this diversity further. While all Abs share the same immunoglobulin (Ig) fold and use the same homologous patch for antigen (Ag) recognition, 4 they recognize very different epitopes, covering virtually any patch on the Ag surface, [5] [6] [7] for a variety of Ag types (heptane, peptides or proteins). 8 Initially, therapeutic mAbs against a specific Ag were obtained by immunizing an animal. However, this technique fails for many proteins such as toxic or self Ags. In addition, animalderived Abs require humanization to reduce their immunogenicity, which often hampers Ag binding. Molecular display methods cope with these challenges by using in-vitro display-andselection systems, such as phages, to isolate binders from a library of Igs. 9 These libraries may be based on Ab sequences from an immunized individual 10, 11 or from a na€ ıve one. 12, 13 An improvement for the display technologies, modified synthetic libraries offer diversity greater than that of natural repertoire (up to 10 14 clones). 14 This arguably increases the chances of identifying high affinity binders. 14, 15 It has been shown that introducing non-random diversity into these libraries can yield synthetic Abs with improved biophysical properties such as improved expression or stability. [16] [17] [18] [19] However, although these synthetic, man-made Abs may be considered fully human by their V-D-J sequence, they are arguably different than natural Abs. In every library only a small fraction of the sequences can become effective, human-like, Abs. The rest may not fold or not express well, tend to aggregate, to be highly cross-reactive or to bind the target in a noncanonical way. Often, the Abs that emerge from these libraries are found to be immunogenic or cross-reactive with self-epitopes. [20] [21] [22] [23] In addition, many synthetic libraries are based on a single, [24] [25] [26] or limited set of V region frameworks 17, 27 and many introduce diversification only to CDRH3. [28] [29] [30] Similarly, some libraries limit the introduced diversity to only 2-4 amino acids per position. 31, 32 A critical question, therefore, in designing synthetic libraries is to what extent the resulting Abs are similar to natural Abs in the way they recognize and bind the Ag. Indeed, good therapeutic biomolecules do not have to mimic natural Abs. However, it is often assumed that libraries that better mimic natural Abs and natural diversity are more likely to yield better binders with better profile. Some novel approaches for library design attempt to introduce diversity that will better imitate natural diversity while also yielding Abs with improved biophysical properties. For example, the human combinatorial antibody library (HuCAL) was created to represent the most frequently used germline families and was optimized to obtain high expression and low aggregation in E. coli. The CDRs cassettes were designed to mimic the length and amino acid composition of naturally occurring Abs. 17, 27 Sidhu et al. 19 used a single stable framework scaffold to introduce diversity to the heavy chain, based on the observed propensities of amino acids in CDRs of natural Abs. Another strategy was to amplify only the CDR sequences from na€ ıve B cells and randomly combine these CDRs into a selected Ab framework that can be highly expressed in bacterial system. 33 Further understanding of key properties of naturally existing Abs will help Ab engineering technologies to obtain more promising therapeutic Abs candidates.
Here, we compare synthetic Abs to natural Abs to assess to what extent synthetic Abs indeed mimic natural ones. This comparison allowed us to review and revise common assumptions about Ab-Ag interaction. We employ a novel computational tool we developed, "CDRs analyzer" to explore biophysical characteristics of Abs. In this analysis, natural Abs are Abs that originated from hybridoma or from immunized or na€ ıve libraries, and synthetic Abs are Abs that were selected from a synthetic library (i.e., a library that is not na€ ıve or immunized). We found that synthetic Abs rely on CDRH3 significantly more than natural Abs. The binding contribution of CDRH1 and CDRH2 of synthetic Abs is smaller than their contribution in natural Abs. When analyzing the binding mode, we found that epitopes of natural Abs contain many epitope residues that contact multiple CDRs, while epitopes of synthetic Abs have more residues that contact only one CDR. These results show that the current way in which synthetic libraries are designed often yields Abs that do not mimic the way in which natural Abs bind their Ags. Our analysis suggests a set of considerations for library design that will take better advantage of the binding possibilities offered by the structure of the Ab. We discuss how this can yield libraries with more effective binders and with greater diversity of paratopes.
Results

Data sets of natural and synthetic Abs
Analyzing the Protein Data Bank (PDB) 34 in search of a nonredundant set of natural or synthetic Abs (Methods) yielded a total of 137 Ab-Ag complexes. Of these, 101 are natural (Table S1 ) and 36 are synthetic (Table S2) .
"CDRs analyzer" -a computational framework for exploring Ab-Ag interactions The analysis utilized "CDRs Analyzer," a computational tool we introduce for analyzing Ab-Ag interfaces. It is designed to assist Ab engineering by providing quantitative assessment of the biophysical properties of each residue and each CDR in the paratope. "CDRs Analyzer" takes as input a 3D structure of an Ab-Ag complex in a PDB format and the chain IDs of the Ab and Ag chains to be analyzed. The server provides output both at the residue and at the CDRs levels. The output includes a list of H-bonds (calculated by HBPLUS 35 ), salt-bridges, pi-pi and cation-pi interactions, and a list of contacting residues (see Methods). Additionally, "CDRs Analyzer" calculates, for each CDR, 4 parameters to evaluate its contribution to Ag binding: (1) "Contacting residues" is the sum of the number of residues in the CDR that are in contact with the Ag and the number of residues in the Ag that are in contact with the CDR; (2) "Specific interactions" is the number of salt-bridges, pi-pi and cation-pi interaction and the number of possible H-bonds between the CDR residues and the Ag; (3) "Calculated DDG" is the predicted effect on binding of mutating each CDR residue to ALA calculated using FoldX; 36 and (4) "delta relative accessible surface area (DRSA)" is the sum of the changes in the relative solvent accessibility of each CDR residue upon dissociation of the Ab-Ag complex calculated using DSSP. 37 These 4 binding parameters were combined to give a score that assesses the contribution to Ag binding of a given CDR. This score varies from 4 (no contribution to Ag binding) to 16 (highest contribution to Ag binding; see Methods). It is a unified score that gives an equal weight for the 4 binding parameters. Ideally, as more structural data become available, the weight that each parameter should have in the final score can be explored and optimized. The binding contribution score is a combined measurement of the Ag binding portion of a given CDR relative to other CDRs of the Ab.
Additionally, "CDRs analyzer" provides the potential of a CDR to bind the Ag as peptide, based on a computational approach that was described previously. 38 "CDRs Analyzer" is available online in http://www.ofranlab.org/CDRs_Analyzer. Synthetic Abs rely heavily on CDRH3 at the expense of CDRH2 and CDRH1 CDRH3, which encompasses the V-D-J recombination site, is the most diverse component of natural Abs. As shown in Table 1 , in natural Abs CDRH3 has, on average, higher values than any other CDR, for all of the 4 parameters that were assessed. Fig. 1 , shows how this is translated into the binding contribution score, which is, overall, the highest for CDRH3. Notwithstanding, in natural Abs CDRH2 is a very close second, and has only slightly lower binding contribution than CDRH3. Overall, CDRH3 has an average binding contribution score of 12.69 ( §0 .35), while CDRH2 has a score of 11.04 ( §0 .39) (Fig. 1) Unlike synthetic Abs, CDRs in natural Abs specialize in specific types of contacts "CDRs Analyzer" also provides a list of specific contacts (H-bonds, salt bridges, cation-pi or pi-pi). The distribution of each type of interaction across the 6 CDRs is shown in Fig. 2 (pi-pi interactions were excluded from the analysis due to their low occurrence, 10 interactions in synthetic Abs and 18 in natural Abs). The extreme dominance of CDRH3 in synthetic Abs emerges also from this analysis. For all types of contacts we analyzed, CDRH3 takes a larger fraction in synthetic Abs than it does in natural Abs. The most extreme is the case of the salt -bridges: In natural Ab-Ag complexes, 39.66% of the salt bridges are formed with CDRH2 and only 25.7% are with CDRH3. However, for synthetic Abs CDRH2 accounts for only 16.13% of the salt-bridges, while CDRH3 share increases to 61.29%. We also analyzed the amino acid composition of the heavy chain CDRs of synthetic and natural Abs. We found the decrease in salt-bridges from CDRH2 is accompanied with substantial decreased frequency of charged amino acids (E, D, H, K and R), from 13.13% in natural CDRsH2 to only 5.26% in synthetic CDRsH2 ( Fig. S1 and Fig. S2 ). The percentage of salt-bridges formed by CDRH1 is also greatly affected. In natural Abs 11.17% of the salt bridges are from CDRH1 compared to only 1.61% of the salt bridges in synthetic Abs. The cation-pi and Hbond interactions are also accumulated more in CDRH3 of synthetic Abs compared to natural ones. For these contacts, we also observe a dramatic change in CDRH1, which accounts for 17.35% of the Hbonds and 22.7% of the cation-pi interactions in natural Abs. These percentages diminish to 9.96% of the Hbonds and to 10.87% of the cation-pi interactions in synthetic Abs. We also found a decreased frequency of polar amino acids in CDRH1 of synthetic Abs in comparison to that of natural ones ( Fig. S2) , which is consistent with the decreased share of synthetic CDRH1 in H-bonds.
In natural Abs, each CDR on the heavy chain specializes in different types of interactions. 39 As shown above, CDRH2 is responsible the largest share of salt-bridges (39.66%). CDRH3 is the main source for H-bonds (30.14%) and all heavy chain CDRs take similar parts of the cation-pi interactions (20.57%, 22.7% and 26.24% of cation-pi interactions from CDRH3, CDRH1 and CDRH2, respectively). This differentiation and specialization is lost for synthetic Abs. For the Abs that emerge from synthetic libraries, CDRH3 takes the central role in all analyzed interactions. CDRH2 has an equal share as CDRH3 only in cation-pi contacts.
The focus of synthetic Abs on CDRH3 creates interfaces that are less complex and more modular
We evaluate the complexity of Ab-Ag interaction using 2 parameters: independent epitope residue and integrated epitope residues. These parameters reflect the extent to which the 6 CDRs create an integral interface. An epitope residue on the Ag is considered an "independent residue" if it contacts only one CDR. An epitope residue that contacts 3 or more different CDRs is considered as an "integrated residue." To assess the complexity of Ab-Ag interaction, the percentage of integrated and independent residues out of all residues that contact the paratope are calculated (note, however, that the raw output of the "CDRs Analyzer" provides this calculations as a percentage of the residues that contact a given CDR and not as a percentage of the residues that contact the entire paratope, see methods). On average, 57.49% of the epitope residues of natural Abs are independent (that is contact only one CDR). Whereas epitope of synthetic Abs are composed of 63.09% independent residues (Fig. 3A) . This difference is almost exclusively accounted for by an increase in independent interactions with CDRH3 of synthetic Abs (Fig. 3B) . We didn't find significant differences for the other CDRs. As for epitope residues that are integrated, their propensity drops from 12.93% for natural Abs to 8.81% for synthetic Abs (Fig. 3C) . Unlike independent residues, the integrated residues are significantly decreased across all CDRs of synthetic Abs, except for CDRH1, which shows the same trend, although to lesser extent (Fig. 3D ).
Demonstrating the differences between synthetic and natural Abs Fig. 4 demonstrates structurally the differences between synthetic and natural Abs. The residues in the figure are colored according to their binding contribution score from red (high contribution) to blue (no contribution). Fig. 4A shows the structure of the 1918 influenza virus hemagglutinin (HA) bound to the 2D1 Ab, which was isolated from a survivor of the 1918 Spanish flu. 40 In this natural Ab, CDRH3 and CDRL3
are both colored in red or pink, reflecting their high contribution to binding, while CDRL1 and CDRH2 are colored in light blue, indicating moderate role in HA recognition. CDRH1 and CDRL2 are colored in blue, reflecting low or no involvement in the interaction. In this complex, 59.25% of the epitope residues are independent residues and 11.1% are integrated residues, which is very similar to the average of all natural Abs. This Ab represents typical features of natural Abs: residues in different CDRs have a major role in Ag recognition, creating a complex, integral interaction. In contrast, the E2 Ab against membranetype serine protease 1 (MT-SP1) selected from an engineered synthetic library, 41 shown in Fig. 4B , displays a different recognition pattern. Four of the CDRs, H1, L1, L2 and L3, are colored blue. This indicates a low or no influence of these CDRs on binding. Most of the contacts in this case are by CDRH3, colored in red, which is the key player of this Ab-Ag interaction. In addition, only 5.55% of the epitope residues are integrated residues and 83.33% independent residues. Notably, 61.11% of the MT-SP1 epitope residues contact residues only from CDRH3 in comparison to 46.66% of HA epitope residues. This Illustrates the way in which engineered Abs may become a mere scaffold for CDRH3, whereas natural Abs often rely on integral participation of specialized CDRs.
Discussion
Synthetic libraries are clearly successful in yielding specific binders that often become successful drug leads. Here, we ask to what extent the products of these libraries mimic natural Abs. One may argue that, as long as the leads are successful, there is no need for the libraries to mimic natural Abs. However, our analysis can be important in 2 ways: first, as a basic science endeavor, it helps reveal the principles that guide natural Ab-Ag interaction. Second, revealing these principles suggests new avenues that may make synthetic libraries even more potent. While the dataset of synthetic Abs is smaller than that of the natural Abs, the data set represent a diverse collection of synthetic Abs isolated from a variety of generic (e.g., HuCAL 17 or Lee et al. 24 ) or custom-made libraries (see Table S2 ). The synthetic Abs in the dataset bind 30 different Ags, which are varied in their size from 51 to 915 residues. We validate that the Ag recognition occurred in different epitope in case 2 Abs bind the same Ags. Thus, the synthetic Abs data set represents the current strategies for library design. Obviously, as more synthetic Abs become available this analysis should be repeated to refine the insights and establish their significance further.
Large-scale analysis of Ab-Ag complexes can help reveal the principles that allow Igs to accommodate an exquisitely matching paratope for virtually any surface, while strictly maintaining its overall fold. [5] [6] [7] The great challenge of Ab design is to make synthetic libraries that will yield Abs against a wide range of targets and epitopes. Indeed, in vivo Ab development relies on a more complex process, and hence may yield Abs with improved properties. This complex process includes gene rearrangement, somatic hyper mutations, clonal selection, both through positive selection for Ag recognition and negative selection for self-binding. We aimed to identify the differences between the Ag binding mechanism of synthetic Abs and natural Abs, which may help improve library design to yield more natural-line Abs. It also allowed us to revisit common assumptions about the role of CDRH3 in Ag recognition.
Obviously, some individual natural Abs and some individual synthetic Abs may be exceptions to the rule. Yet, our results reveal consistent differences between natural and synthetic Abs. The focus of synthetic libraries on engineering CDRH3 creates CDRH3 loops that participate in Ag recognition above the average of CDRH3 in natural Abs. As a result, CDRs H1 and H2 of synthetic Abs contribute less to Ag binding. CDRH3 loops encompass the V-D-J junction, hence this region displays the largest diversity among the 6 CDRs of the Abs in terms of length, sequence, and structure. [42] [43] [44] CDRH3 is also located at the center of the binding site and is the CDR loop that undergoes the most significant conformational changes upon binding. 45 Thus, it is commonly assumed that CDRH3 accounts for the ability of Abs to recognize and bind specific epitopes. Understandably, Ab engineering methods often focus on CDRH3. For example, Fellouse et al. designed phage display libraries with diversity of 10 4 to 10 22 in CDRH3 and diversity of 32 to 896 in other CDRs. 25 In the initial HuCAL libraries, 17 diversity beyond the 49 chosen frameworks was introduced only to CDRH3 and CDRL3. In other studies, specific Abs were obtained from libraries with introduced diversity only to CDRH3. [28] [29] [30] However, the relative importance of CDRH3 compared to other CDRs has been recently revisited in numerous studies. Large scale analyses 39, 46 of Abs have assessed the role of CDRH3. It has been demonstrated that CDRH2 may be as important as CDRH3 46 in its contribution to the binding free energy of the Ab-Ag complex. In addition, in 93% of the AbAg complexes, CDRH2 contained at least one residue with high energetic contribution (DDG>0.8kcal/mol) in comparison to 90% of the complexes with such residues from CDRH3. In another study, CDRH3 was found to be responsible for 30.6% of the energetically important Ag-binding residues. 39 That is, most of the energetically important Ag-binding residues come from other CDRs. This has been shown also for specific examples like the interaction between HyHEL-10 and lysozyme, in which CDRH2 and CDRL1 display a dominant role, while CDRH3 shows very low binding contribution. 38 The fact that CDRH3 is not necessary for the versatility of Abs was ultimately demonstrated by a study that has shown that synthetic libraries can yield specific Abs against different Ags with diverse CDRL3 and fixed CDRH3. 47 In another study, the introduction of diversity into the sequence of anti ErbB2 Ab only at CDRH3 did not result in affinity enhanced variant, while beneficial mutants could be obtained by engineering one of the other contacting CDRs (CDRH1,H2,L1 or L3). 48 This emphasizes that the importance of CDRH3 differ between Abs.
The reliance of synthetic Abs on CDRH3 may take a toll on the diversity of the epitopes that the library can bind, which may be referred to as the effective diversity of the library (as opposed to its actual diversity, represented by the number of unique sequences). Existing synthetic libraries tend to yield Abs with CDRH3 dominance. The typically fixed length and sequence of the other loops does not allow for paratopes with other binding topologies. It is therefore possible that, while the number of variants in the library may be higher than the number of variants in natural repertoires, these synthetic Abs represent only a small subset of the possible Abs that would be represented in a much smaller natural set of Ab sequences.
The effective diversity of a library is not the number of unique Ab sequences it has, but the number of different epitopes they can bind. This is defined by how many of the variants are expressed and fold into Abs with paratopes that are very different from each other. Our results suggest that tampering only with CDRH3 may not be a good way to obtain diverse paratopes. Based on the results presented here, one can propose approaches for improving Ab engineering. Building libraries that allow for higher diversity in all CDRs may result in Abs that have binding modes that are more similar to those of natural Abs, which might increase the effective diversity of the library and culminate in higher success rates. Of note is the degeneration of CDRH2 and CDRH1 in synthetic Abs, most remarkably in the percentage of salt-bridges coming from these CDRs and H-bonds and cation-pi interactions from CDRH1. To correct for this and create better libraries, the amino acid composition in these CDRs should be corrected to favor these types of interactions. This could be achieved by elevating the propensity of charged amino acids in CDRH2 and CDRH1 to produce more salt bridges or elevating the propensity of aromatic, positively charges or polar amino acids in CDRH1 to produce more cation-pi and H-bonds. It is also possible that the frameworks that are commonly used in synthetic libraries are suitable for producing interactions that rely on CDRH3. Considering additional frameworks may, therefore, be beneficial.
A novel approach for the design of synthetic libraries is based on the diversity of natural Ig repertoire (na€ ıve, memory and plasma B cells), which can be characterized using next-generation sequencing (NGS). 49, 50 Glanville et al. 49 analyzed »10 5 sequences of Ab variable fragments from 654 healthy human donors and, consistent with our finding, reported a substantial contribution to total diversity from somatically mutated residues in CDRs 1 and 2. Based on these results, a synthetic Ab library was constructed by introducing a diversity at positions across the 6 CDRs while the amino acid usage in each position was designed to mimic the natural repertoires usage. 50 The 3D structures of the Ab-Ag complexes that were selected by these modern libraries are still not available. We expect that the relative binding contribution of the different CDRs in these synthetic Abs will better mimic the natural Ab binding mechanism than the synthetic Abs analyzed in the current study.
Although there are many available tools for the automated analysis of Abs sequences, 51-56 the development of tools for the structural analysis of Ab-Ag complexes is still in its infancy. Two existing tools that provide comprehensive structural analysis of Abs are ABangle, for calculating the orientation between the VH and the VL, 57 and the "AgAbDb dataset," which contains interaction profiles of »500 Ab-Ag complexes in the PDB. 58 In the "AgAbDb," the data is available only for the curated PDBs and most of the output is at the atoms or residues level and not at CDRs level, similarly to tools analyzing general protein-protein interactions. 59, 60 "CDRs Analyzer" is designed to assist Ab engineering protocols by providing quantitative assessment of the biophysical properties both at the loop levelby assessing the contribution of each CDR -and at the residue level by identifying specific positions of interest within interface. Here, we used "CDRs Analyzer" to explore the differences between natural and synthetic interactions. This tool can be used to analyze Abs against pathogenic Ags or human-self Ags (see Table S1 for the origin of the Ags in our analysis), to explore the theory that V-genes are evolutionarily pre-configured to recognize common motifs in Ags from pathogenic source. "CDRs Analyzer" can also be applied to characterize other sets of immunological interactions. For example, it allows evaluation of the differences in binding properties of peptide-binding Abs and proteinbinding Abs, or the differences between different families of Abs or even differences between Abs against different Ags. However, the most straightforward way to use "CDRs Analyzer" is for the analysis of individual Abs. It is applicable for experimentally solved Ab-Ag complexes as well as to computational models of such complexes. The output of "CDRs Analyzer" can assist different Ab engineering protocols. The contacting residues list and the specific interactions list can guide choosing specific positions for Ab affinity enhancement, decreasing aggregation or for deimmunization. The CDRs binding contribution may be an important consideration for CDR grafting, Ab humanization, design of 2-in-one Abs and for identifying CDRderived peptides. 38 
Methods
Construction of natural Ab-Ag complexes data set
To build a large non-redundant set of natural Abs, a previously published non-redundant dataset of 196 Ab-Ag complexes 61 was further filtered to create the current study data set of natural Ab-Ag complexes. The "CDRs Analyzer" cannot analyze single-chain variable fragment (scFv) Abs, Abs that contain disorder residues in the CDRs or non-standard amino acids, complexes that were solved by NMR and complexes composed of more than 25000 atoms. Complexes that met these conditions were deleted from the original dataset. In addition, complexes that included synthetic Abs were moved to the synthetic Ab-Ag data set. Finally, complexes that contain Ag with length of 30 amino acids were also removed. The resulting dataset contained 101 natural Ab-Ag complexes that are listed in Table S1 .
Construction of synthetic Ab-Ag complexes data set
A synthetic Ab-Ag complexes dataset was constructed using both the PDB 34 and SAbDab. 62 The PDB query search was used to curate manually synthetic Ab-Ag complexes. The PDB query type was set to "PubMed abstract" and search words were "phage display antibody" and "library antibody." In addition, the sequences of the light chain, the heavy chain or the full variable domain of a representative synthetic Ab (PDBID:2H9G) was used to search the SAbDab database using the framework region only option. The retrieved PDB entries were considered synthetic Ab-Ag complexes if the library from which it was isolated included variable domains sequences that were not obtained from a natural repertoire. Two Ab-Ag complexes were considered redundant in case the 2 Abs bound the same Ag at a similar epitope. Redundancy was removed according to this criterion. We removed from the data set complexes that contain scFvs, Ag length 30 amino acids, Abs that contains disordered residues in the CDRs or non-standard amino acids, complexes with resolution 3. 6 and complexes that are composed of more than 25000 atoms. The final synthetic AbAg complexes dataset contained 36 non-redundant PDB entries (Table S2) .
Analyzing Ab-Ag complexes using "CDRs analyzer"
CDRs analyzer takes as an input an X-ray structure of Ab-Ag complex in a PDB file format. It automatically identifies the CDRs residues and calculates a set of parameters for all 6 CDRs. The output is an HTML page presenting the calculated parameters (described below) for each of the CDRs, a list of contacting residues and list of specific interactions. "CDRs Analyzer" was implemented in Perl and Python. The front end of the server is designed in HTML and XML.
Description of CDRs analyzer
CDRs Identification
The CDRs are identified using Paratome. 53, 63 An Ag-contacting residue within §/5 residues from the Ag binding region boundaries as defined by Paratome is added to the nearest CDR. An Ag-contacting residue is a residue on the Ab that has at least one non-hydrogen atom within 5A from a non-hydrogen atom in the Ag.
Number of contacting residues
The number of "contacting residues" is the number of residues in a CDR that are in contact with the Ag and the number of residues in the Ag that are in contact with the CDR.
Number of specific interactions
The number of "specific interactions" is the sum of the number of salt-bridges, pi-pi, cation-pi and possible H-bonds 35 between the CDR and the Ag. A salt bridge is defined as one Asp or Glu side-chain carboxyl oxygen atom and one side-chain nitrogen atom of Arg, Lys or His that are within 4.0A of each other. H-bonds were identified by first adding polar hydrogens atoms to the complex using Discovery Studio Visualizer and then by submitting the output file to HBPLUS program with default parameters. 35 Pi-pi interactions are identified according to McGaughey et al. 64 Briefly, the distance between the centroid of each pair of pi rings should be 8A or less, at least one atom from each ring should be within 4.5A
. In addition, the angle theta between the normal of one or both rings and the centroid-centroid vector must fall between 0 and § 60 degrees. The angle lambda between the normal of each ring must fall between 0 and §30 degrees. A cation-pi interaction is defined if: Lys or Arg side chains cations are within 7A from a centroid of a pi ring. The perpendicular distance between the cation and the plane of the ring is within 6A and the angle between the cation-centroid vector and the ring plane is more than 45 degrees.
Energy calculations( DDG)
The effect of in-silico mutation of each CDR residue to ALA is calculated using FoldX. 36 FoldX's calculations have been previously shown to be correlated to experimentally measured results of 1030 mutants (R D 0.83). 36 A recently published study curated 1100 mutations in Ab-Ag complexes and examined the performance of different energy scoring methods. 65 FoldX was one of the top performers in that study, on both destabilizing (DDG >1.0 kcal/mol) and stabilizing (DDG < ¡1.0 kcal/mol) mutations.
Each PDB structure is first optimized using the FoldX RepairPDB function. Then, residues in the CDR are mutated to ALA using the BuildModel function that generated mutants and their corresponding wild-type structure models. The heavy chain and the light chain of the Ab are grouped together to calculated the energy values of the assembled Ab, and the AnalyzeComplex function is used to calculate the binding DG of each model. The calculated DDG for each mutant is then computed by subtracting the wild-type calculated DG value from the mutant calculated DG value. The "DDG" of a CDR is considered as the sum over its residues. The "CDRs Analyzer" outputs the ranking of the 6 CDRs according to the DDG values.
Delta relative surface accessibility (DRSA) RSA is given by dividing the solvent accessibility value by the surface area of the given amino acid. 66 The solvent accessibility of the Ab residues are calculated using DSSP program. 37 RSA is computed for each of the residues in the CDR, once with Ag presence (RSAbound) and once without Ag presence (RSAunbound). The DRSA is given by subtracting the RSA bound from the RSA unbound . The DRSA of a CDR is considered as the sum over its residues.
Binding contribution score
To evaluate the involvement of each CDR in Ag recognition we used an estimated calculation, which sums the 4 parameters values into a single "binding contribution score." For each of the 4 binding parameters above, values are normalized and scored according to their quartiles: 4 points for values within the top 25% of the scores, 1 for the values within the lowest 25%. The "binding contribution score" of a given CDR is the sum of the scores over its criteria varies from 4 (no contribution to Ag binding) to 16 (highest contribution to Ag binding). The binding contribution calculation gives an equal weight for the 4 binding parameters. When more structural data becomes available, these weights should be assessed and optimized. To verify that the score is not sensitive for arbitrary cutoffs, we checked different binding contribution scores by dividing the parameters values into bins of thirds and fifths (instead of quarters). This did not change the results (data not shown).
Independent and integrated Ag residues
An "independent residue" is an Ag residue that is in contact with residues that belong to only one CDR. An "integrated residue" is an Ag residue that is in contact with at least 3 CDRs. These parameters are used by the "CDRs Analyzer" to calculate the "Independent binding score," which measure the potential of a given CDR to bind the Ag as peptide. 38 For that purpose, the percentage of independent or integrated residues for a given CDR was calculated out of Ag residues contacting that CDR. Here, we aimed to evaluate the complexity of the Ab-Ag interaction. Thus, the percentage of independent or integrated residues were calculated out of the total number of the epitope residues.
Independent binding score The six parameters above (contacting residues, specific interactions, DDG, DRSA, percentage of Independent and integrated Ag residues) are used to evaluate the potential of a CDR to bind the Ag as peptide. 38 The values of each of the parameters are normalized and scored according to their quartiles: 4 points for values within the top 25% of the scores, 1 for the values within the lowest 25%. The "Independent binding score" of a given CDR is the sum of the scores over its 6 criteria.
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